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ABSTRACT We report methods for tbe preparation of 
nmlticmicToinole quantities of extremely pore tnmraery photo- 
addnded psoralen-DNA fbxaoa-side monoadducts and diad- 
ducts (cross-finks). The methods use high-intensity krypton 
and argon ion lasers in tb e phot m e aOtuia and HFT.C mprtwuic 
to purify the required oliguu uiieotides containing the photo- 
adducts. With these methods we have synthesized 2-3 janol of 
8-mer psoralen furan~side monoaddnct and diaddnct. These 
methods allow one to generate large amounts of psoralenated 
DNA ofigonrncleotides and facilitate their study by NMR and 
x-ray crystaBography. 



Psoralens are linear ftirocoumarins that have been used for 
the treaiment of certain types of skin diseases (1 T 2), antDeu- 
kemia therapy (photopboresis), and the sterilizazion of bJood 
products (3, 4). Psoralens photochemically alkylate DNA by 
reacting with pyrimidines (5). Pig. 1 shows the structure of 
the three main adducts between thymidine and HMT (5, 6). 
Reactions take place at the 3,4 or 4',5' double bonds of the 
psoralen with the 5,6 double bond in pyrimidmes- The first 
step is the intercalation of the planar psoralen between base 
pairs of a double-stranded nucleic add. Psoralen then reacts 
with the pyrimidine bases to form a MAf or a Mpy when 
UV-irradiated^at a long wavelength (320—410 tun). By ab- 
sorbing a second photon, the MAf can photoreact with 
adjacetu.pyrimidme bases on the opposite strand of double- 
stranded DNA (orRNA) to form an interstrand XL, Mpys do 
not absorb light at wavelengths above 320 nm and cannot be 
driv n to form interstrand XLs with long-wavelength UV 
irradiation. All the photochemical adducts can be photore* 
versed by exposure to 254-nm UV or, for MAf s and XLs, by 
treaiment with base (7, 8). A solution structure derived from 
NMR data for the 8-mer 5'-d(GGGTACCO-3' cross-linked 
with the psoralen 4 '-aminomethyl-4,5 ' , ^trimcthylpsoraj en 
has been reported (9). 

Psoralens have been very useful as probes for nucleic acid 
strucTure and function (10, U). Transcriptional elongation 
complexes arrested by psoralen adducts at specific sites on a 
DNA template have been generated (12-1-5). Psoralen-DNA 
adducts are substrates for DNA repair enzymes (16), Other 
types of protein-DNA interactions have also been studied 
using psoralens as probes (17-21). 

The lack of methods for the large-scale synthesis of pso- 
ralen monoadducts and diadducts is a major Unsolved prob- 
lem in the research on psoralenaied DNA oligonucleotides- 
Traditional methods used Hg/Xe arc lamps (22) and black- 
ray light (23) for investigation of the photochemistry of 
psoralen-DNA interactions. Photochemical efficiency with 
these light sources is very low and often results in the 
generation of multiple photoproducts, despite the use of - 
appropriate filters to achieve mouochrorhicity. Traditional 
methods rely on denaturing PAGE followed by DNA elution 
from gel slices to separate the phot adducted DNA oligorra- 
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cleotides f r om other components in the reaction mixture. 
This procedure results in considerable loss of DNA daring 
sample work-up and the persistence of contaminating pho- 
toprodncts and impurities released from gel slices. By 
PAGE, an upper limit of a couple hundred micrograms of 
psoralcn-adducted DNA can be prepared at one time. X-ray 
crystaEographlc or NMR studies to determine the structures 
of DNA-psoraleu adducts and their complexes with repair 
enzymes and UNA polymerases require large amounts of 
extremely pure psoralen-adducted molecules. Here we re- 
port synthetic methods that overcome conventional difficul- 
ties. We use high-intensity laser light to synthesize antique 
MAfs and XLs and, subsequently, purify the photoadducts 
by HPLC. The final products arc extremely 0>95%) pure and 
the yields are in xonltumcromole quantities. 

MATERIALS AND METHODS 

Materials. HMT (HRI Associates, Concord, CA) stock 
solutions (=»0-5 M) were prepared in dimethyl sulfoxidc. 
OEgonucleotidcs were synthesized on an Applied Biosys- 
tems automated DNA synthesizer. Argon ion and krypton ioo 
lasers were purchased from Spectra-Physics. Quartz flow' 
cells were from NSG Precision Cells (Hicks vine, NY). HFLf 
instrumentation .was purchased from Beckman and Rainin 
Instruments. All HPLC was performed at room temperarare t - 
and no particular effort was made to regulate the temperature 
of the columns during the chromatography. 

Oligonucleotide Work-Up, Oligomers were deblocked with 
ammonia and purified by reverse-phase HPLC with the trityl 
group on (Rainin Instruments catalogue). 

PrepararJon of DNA-HMT MACS. Krypton ion laser irra- 
diation. Irradiations were carried out using a Spectra*Physjcs 
2020 krypton laser operating in broad-band mode at 406.7 
and 413 nm at 350 mW, Oligonucleotides were dissolved in 52 
ml of 150 mM Nad/10 mM MgCli/l mM EDTA/15 mM 
azide/0.16 mM HMT. A quartz cuvette (10-cm path length) 
containing this solution was placed in the laser beam between 
two dielectric mirrors optimized for reflectivity at 406.7 nm 
with stirring (Fig. 2A). The nurrors caused the laser beam to 
reflect a total of eight passes through the sample. During die 
irradiation, 5 Ad of the DNA solution was withdrawn firom the 
cuvette for gel analysis. After the irradiation, the DNA was 
recovered by EtOH precipitation (24). 

HPLC analysis. The DNA was dissolved in 1,0 ml of 9-5^ 
(vol/vol) acetomtrfle/100 mM triethylammonium acetate, 
pH 6.5, and applied to aDynamax 4.6 mm x 25 cm reverse- 
phase Cia column. The DNA was cluted with a linear 
acetonhril gradient in 100 mM trieihylammcmum acctat 
(pH 6_5) over 80 mtn (flow rare — 1.0 ml/mm). The percent- 
age of acetomtrfle was changed from 9.5 to 17.5% from 5 to 
85 mm. The fractions of interest were ryophilized and resus* 
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Fic-L Structures of the three main types of 4'-bydroxymethyl- 
4j'^-trimetbylpsoralen (HMTVthymidinc addncts formed during 
the photonaetion of HMT with DNA- 04) Faraa-side monoaddnct 
(MAO* cissyn confonnatioa. iB) Pyrone-side mocoariduct (Mpy) 
dssyn conformaUon. (C) Diaddaei (crosslink, XL), cissyn con- 
fcttriHtioiLt 

pended m a minimum volume of TE (10 mM Tris-HQ, pH 
7.5/1 mM EDTA), and the DNA was recovered by EtOH 
precipitation. 

. Preparation of DNA-Psoralen XLs. Annealing of the DNA 
strands. Self-complementary g-mer DNA (10-50 pmol) was 
dissolved m 0.2-1.0 liter of annealing buffer (50 mM Tris d 
P H 7-5/10 mM MgCb/100 mM Nad/1 mM EDTA/15 mM 
sodium azide/0.16 mM HMD. Armeahng was done by heal- 
ing the DNA solution to 95°C for 30-40 min and slow cooling 
to room temperature overnight. 

Argon ion laser irradiation. Irradiations at room temper- 
ature (22-23°Q were carried out with a Spectra-Physics 2045 
argon laser operating m broad-band mode centered at 3fifinm 
The HMT/DNA solution was pumped through a jacketed 
quartz flow cell (10-mm path length) that was positioned in 
the path of the laser fight (Fig. 2B). The power output of the 
htscr was *-5 W. A cylindrical quartz lens was used to focus 
&e light beam to illuminate the entire area of the flow cell- 
The surface intensity of light in the cell was 30-37 W /cm 2 . 
The DNA solution was pumped through the flow cell at 5-10 
nfl/min with a peristaltic pump. To achieve maximum yield 
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of XL, the DNA solution was irradiated for two cycles with 
one aririirinn rrf a -fiwW Hnc* «f n i< ^Xi mtr-r» r_ • 

„ _ v— ---- — — * ui U&iWCCU 

cycles. After irradiation, the reaction mixture was lyoph- 
ilized to ~50 mL dialyzed against 500-1000 vol of water* and 
lyophilized. 

HPLC purification. Both reverse-phase chromatography 
* and am^n-exchange cfromatography were used for the pu- 
rification of the 8-mer XL (SXL) DNA. See the preparation 
of the MAf for a genera] description of the reverse-pnas 
purification method. The specific variations are given in Fig. 
4. Ion-exchange HPLC was on aNucleogen (Machery-Nagcl) 
DEAE column. The DNA samples were injected in =»L5 ml 
of 30% acetoniirile/20 mM sodmm acetate, "pH 53, and 
elated with a linear KQ gradient over 200 min (flow rate = 
1-0 ml/rran)- The KQ gradient was changed from 0.0 to 1.0 
M from 5 to 205 min. Fractions enriched, for cross-linked* 
DNA were then dialyzed extensively against water, lyoph- 
ilized to dryness,' and resuspended in a nnnimnm volume of 
TE, and the- DNA was recovered by EtOH pr ecipitat i on. 

Ge! Analysis of HPLC Fractions. DNA from 1 nl of the 
pertinent HPLC fractions was 5 , - 32 P-end-labeled »<^ig T4 
polynucleodde kinase and [y-^PJATP and visualized by 
autoradiography (24). Relative amounts of monoaddnct or 
XL were determined by excising the gel slices an d measuring 
the ^P radioactivity by scintillation counting. 

RESULTS 

Strategy for the Large-Scale Synthesis of MAC A compar- 
ison of. the UV absorption spectra of DNA, MAf, and 
psoralen reveals that DNA stops absorbing light at A > 310 
nm whereas the absorption cutoff for psoralen MAf DNA 
extends to >395 nm. Psoralen continues to absorb light to at 
least 410 nm (see refs. 5 and 25). The absorption coefficient 
of psoralen at wavelengths longer than 400 nm is only 
between 1 and 20 a morgan-*). To effect efficient photo- 
chemistry at these wavelengths, a high-intensity monochro- 
mafic fight source is necessary, A krypton ion laser emitting 
fight at 406.7 nm and 413 nm was our light source* The laser 
radiation specifically excites the psoralen to form MAfs with 
DNA. The resulting mouoaddncts do not absorb light at the 
irradiation wavelengths allowing the addncts to arr"™" 1 *** 
in the reaction- A laser is desirable for this procedure because 
of its h%h*intensiry coShnated fight, low-beam divergence, 
and, most importantly, the monocbromaricity of the beam. 
Because psoralen has such alow extmction coefficient at the 
wavelength of the krypton ion laser, a long-paih-length 
reaction cell with a multipass irradiation set-up was used to 
maxrmryr the use of photons (Fig. 2 A). Two dielectric 
mirrors refi set the beam of fight eight times through the celL 
The DNA solution is constantly stirred during the irradiation 
to achieve mnform exposure of the DNA/HMT mixture. By 
using a self-complementary DNA S^mer (5 '-GCGTACGC-3 0 
and HMT, a yield of 30% 8-mer MAf (8 MAf) was achieved 
after HPLC purification. 

Fabrication of MAC A self-complementary DNA 8-mer 
(5'-GCGTACGC-3') was chosen to illustrate om procedure 
to generate large quantities of purified MAfs. Other se- 
quences of different lengths, have also been monoadducted 
and their purification is similar (data, not shown). Primary 
psoralen photoaddnction occurs at the 5'-TpA-3' site m the 
8-mer (26). Fig. 3. shows a typical reversedVphase HPLC 
profile of 8-mer/HMT irradiated with (406.7 nm and 413 nm) 
krypton laser light. The first large slightly asynrmemc peak 
area about 20 min is unmodified 8-mer (8UM) DNA and the 
second symmetric slightly smaller peak at 30 mm is the 8MAL 
The contents of these fractions were verified by gel analysis 
of ^-labeled DNA (data not shown). Qtiantffication of the 
respective peak fractions revealed that *=30% of the total 
starting DNA was converted to the 8MAf. The second peak 
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Fig. 3. C J8 HPLC profiles of the purification of 8MAf. Because 
of the large amounts of DNA loaded on the Cjg column* we 
monitored the absorbance at 330 nm instead of ax 260 nm so thai the 
peaks would stay within the scale (<2) of sensmviry of oar spectro- 
photometer. 

tractions (tractions 28—31) were pooled and reinjected on 
HPLC for a second round of pmificaii on- SMAf elated as a 
single sharp peak in the second round of purification (Fig. 
3B), Based on autoradiography of the radiolabeled I>NA from 
the large peak in Fig. 35, the purity of the 8MAf was 
estimated to be >95%. By repeating the above procedure on 
several batches of 8-mer DNA preparations, we accumulated 
3 $im ol of SMAf within a period of a few weeks* A ^-labeled 
8MAf sample of the large-scale preparation [see Fig- 5 (lane 
2)]. The DNA migrates as a single band, free of SUM or other 
types of psoralen adduces, thus attesting to the purity of the 
final produtt. Table 1 gives the sequences and yields of 
various DNA oligomers monoaddncted with HMT that were 
purified to homogeneity using the above procedure. These 
sequences - were selected for monoadditzon because they 
contained a minimum cumber of thymidines and for then- 
utility in other projects in our laboratory. Complementary 
sequences were mixed together before the samples were 
ir radi ated, because the psoralen-DNA photoreaction is doo- 
ble-stranded~dependent. Some care must be exercised when 
hoosing compleme n tary sequences to avoid complications 
daring synthesis and purification- We used complementary 
strands that were of different lengths and contained a 5'- 
TpA-3' site in the double-stranded region. .Each DN A oligo- 
mer of different length had a different characteristic HPLC 
retention time. The total yields of monoadducted oligonucle- 
otides varied in an unpredictable manner with the DNA 
sequence. To purify monoadducted oligomers longer than 25 
nucleotides, we resorted to preparative denaturing PAGE 
(30MAf in Table 1). This procedure is much more time and 
labor intensive and severely limits the quantities of material 
that can be conveniently prepared. 

Strategy for the Large-Scalp Synthesis of 8-Mer Dfaddoct. 
Production of preparative quantities of cross-linked HMT* 
DNA was investigated. An argon ion laser was our high- 
intensity light source (366 nm). Both HMT and th MAfs 
absorb light efficiently at 366 nm. The quantum yield for the 
conversion of MAft XL is 4 times greater than the quanttnrr 
yield for formation of monoadduct from HMT. Therefore, the 
MAf does not accumulat in the reaction mixture. The 
DNA/HMT mixture is pumped through a beam of argon laser 
. light (Fig. 2B). The absorbance of a saturated solution of 
HMT at this wavelength of irradiation is 036 A units for a 
l«cm path length. Under these conditions* the entire sample 



Table 1. MAfs synthesized 



MAf oGsobmt sflmtcDot 



8 5'-GCGTACGC5* 

$* S"-GGGTACCG-3* 

13* y-GCTCGCTACCC&G** 

8' 5 '-TCGTaGCT-3 ' 



0°"°^ yield 

1-Omo) xo 

<L5*sb1 30.0 

W^tool 14.0 

ZLOrmwJ llD 

90-0 «aoi ^ 

26J>nmoi 4j 

10J0 nnet 9J 

2Dl7 boo) 2d.q 



32*. 5--GAACCTACGAGC-3* 

19 y-G AltXXXP GCTACCCAGCW 

ZX 5--CGGAA1 JlXlKKSXACCGGOCX^a' 

24 5*-GATCGCTCCCCOGTaCCGaGCTCG-T' 

23 5'-<3AlVXGOLlX7UlACOCXX2AAi 1UJU-3* 

30 5'- l 1 1 UOX ATCOCO CCLJ IGCCATaGaCCGA»3 

ni. Nucleotide. 

"These two oligonucleotides are partially complementary to cscfa 
other. 

'•These two oligonucleotides are partially complementary to each 
other. 

is exposed to an adequate amount of light for conversion to 
XL. A couple of cycles of exposure to laser light ensures 
maximum conversion of the &-mer DNA to XL. The rate or 
pumping can be as fast as the peristaltic pump would allow, 
normally ^10 ml/min thus shortening the irradiation time and 
the operating expense of the laserTThe- higbJmtcnsiiy of the 
laser light source permitted the con v ersi on of large quantities • 
of DNA into XL in a reasonable amount of time (1-2 hr). We 
have prepared 3 jimol of highly purified 8-mer XL (8XD 
formed between the DNA octanudeotide (5'-GCGTACGC- 
3f) and HMT with a 36-80% total yield- The greatest yield 
was obtained with HPLC-purified 8~mer, and the lowest yield 
was obtained with a crude 8-mer preparation. 

PttiQcatxm of Djaddnct. Hrgh levels of photoaddncdon of 
HMT to 8-mer (5'-GCGTACGC-30 using argon laserresnlted 
in multiple psoralen additions. Purification of 8-mer specifi- 
cally cross-linked at f ie S-TpA-3' site inc luded a combina- 
tion of reversed-phase and amon-exchange HPLC After the 
laser irradiation, the first step was a large-scale CigTtverse- 
phase chromatography. Hie laserorradialed DNA sejsrated 
into two broad asymmetric peaks in the first round of Qg 
HPLC (Fig. 4 A). For maximu m resolution and speed of 
separation 3-4 umol of the modified DNA were loaded onto 
a 25.4 x 250 mm column with each injection. Denaturing 
ele c tro p h or es is and autoradiography (autoradlograph in fig- 
4A, fractions 21-34) revealed the presence of predominantly 
three DNA species. The first peak area (fractions 21-267 
contained mostly 81TM and very little of 8XL and 8-mer 
pyronc-side monoadduct (SMpy). The second peak area 
(fractions 29-34) represented mostly 8XL and relatively 
smaller amounts ofMpy and SUM. In addition to 8XL some 
of these fractions contained minute amounts of DNA mole* 
coles migrating much slower than 8XL on these gels (datanot 
shown). These faint bands arc thought to result from psoralen 
photoreaction at additional sites other than the preferred 
singJe5'-TpA-3' she in the 8-mer sequence. These addniow 
bands were eliminated in the subsequent purification steps 
(see below). Fractions in the second peak area were pooled 
and subjected to a second round of C 18 chromatography- The 
elation profile (Fig. AB) showed that the SUM was effectively 
separated from the enriched XL plus 8Mpy material (frac- 
tions 33-42 in the gel, Fig. - ")- Since fractions 33-^2 that 
have been enriched far SXL also contained significant 
amounts of 8Mpy , we used anion-exchange chromatography 
under denaturing conditions to separate 8XL from SMpy- 
Keversewphase HPLC is sensitive to the net hydrophobicity 
of the adducted DNA, which in this case is the same for the 
singly adducted 8XL and 8Mpy* Hcnc t a third round of G& 
HPLC would not be expected to separate 8XLfrom 8Mpy- 
Anion-exchangc HPLC using a. Nncleogen DEAE column 
under denaturing conditions (30% acetonitrOe) separates 
DNA molecules based on their net negative charge. Double- 
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tbe autoradiographic analysis of nmples of the relevant mi^«£LL- P^^^on-The upper portion of the HPLC profiles shows 

of SUM and 8XL that served ameers. Bec^^t^T^^ ^« S contain vaStnSSZ 

absoAance at 300 nm or at 285 m instead eSSo°2 ^soX^pSj?^ SEwtt^^f £ 7* J*^ °S InnB - w Stored the 
spectrophotometer. ™* ™ P™ 3 wottW stav withm the scale of reasonable sensitivity (<2) of onr 



T?$Sl ^ ^^ys* greater net negarive charge (due to 
the UNA phosphates) than single-stranded SMpy under these 
conditions. Results of anion-exehange chromatography of 
the pooled ©actions from a second round of C M HPLC 
showed that 8XL eluted as a single lar^peaJcwfrhhi^!^^ 
(see gel in Fig. 4C). SMpy and the remaining SUM elated as 
a small peak (fractions 10-14. Fig- AC) away from 8XL- 
rracoons 16-22 tn the peak area were pooled and theDNA 
was recovered by lyophiEzation. The entire procednre was 

^ j^^w ™ acra ™^ mrjlrinricromole 
amounts of SXL. The Mpy was identified by its absorption 
spectrum phc^hctmcal behavior (data not shown). It 
mained -5% of the total HMT modified oligomer We 
were able to synthesize 3 /unolof>959& pure 8XL (Fig. 5 
lane 3) ma few weeks. 

I^^Prwwltina After HPLC SMAf and 8XL eluted 
T^JL C columns contained trictbyiammoriinm and KQ 
ror aai DEAE chromatography, respectively. Tricthyl- 
hS^l f5 ^ , rcm£ " cd * repeatedly (four times) 
l?^^t^ d dissolvrng the DNA in 60-100% EtOH after 
«h Iyopmlizanoiu KQ was removed by iracrodialysis 
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Fic_ 5. Autoradiogr ai n of a 
2436 dcnami in g polyacrylamide 
fid showing the typical parity of 
the final HMT*mer obotoprod- 
ucts after HPLC purificatiooL All 
tbe DNA samples shown on the 
gel were 5'^noVlabeled with *P. 



apmstjwater.IIie final desaMng step was dew a Sep-Pak 
Ci* cartridge (procedure from Waters Associates). 

DISCUSSION 

Site-spcxn^psc^eriated DNAs are useful in many biochem- 
ical assays. These include substrates for the characterization 
£ T ^A repair enzymes (27. 28), elongation complexes of 
RNA polymerases (12-15), screening of complex genomes 
induced trmtagenesis (30). and DNA sTrncture and 
dynamics (8-lg), There is a clearneed to solve the """^fcnlar 
sOTcture of monoadducted and cross-linked DNA molecules 
by NM R or x-ray crystallography. To this end; these pre- 
parative purification methods allow one to synthesize ex- 
tremely pure monoadducts and XLs_ 

IIPLC puiificarion allows for several times greater loading 
capacity, a higher degree and speed ofresohmon, and smaHer 
loss cfvaluable material than PAGE. Like gel dectrophore- 
sis, HPLC methods place. an tipper limit on the length of a 
psoralenated DNA oligomer that can be separated from 
mnnori rfied DNAs. In our hands, adducted oligomers >25 
nocleotides were very cufi&cult to purify on Qg columns. The 
increa sed le ngth of the oligonucleotide neutralizes the rela- 
tive hydrophobiciry differences between the psoralenated 
molecules and their parent unmodified molecules. Nucleo- 
tide sequence of the DNA oligonucleotide also plays an 
lnrportant role in the eturion pattern of the t"Mtk+H oligo- 
nucleoride during a reverse-phase separation- For example, 
mononri dnc ted lO^ners of the sequences 5'-TCCGGGTACC- 
3V5'-OGTACCCGGA.3';and 5'-OCTCGGTACC-3' have 
. different retention trmes~9. 11^ 18 rain, respectively—ou 
reverse-phase columns under the same eiution conditions. 
The best yields are obtained with Hr^C-pxrrifled oligoimcle- 
otrfes before they are subjected 

linking reacrjon. To achieve best resolution, the amounts of 
DNA loaded on the HPLC columns must be wefl below 
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(«=50%) the binding capacity of the column*. This means 
mnjnplc loadings of the samples to accumulate large amounts 
of the final monoadducts and XLs. 

The distribution of MAfs andXLsina photoreaction wfll 
depend on the rate of MAf formation relative to the Tate ai 
which the monoadduct goes on to a XL. This rate is directly 
proportional to the extinction coefficient of HMT and the 
MAfat the wavelength ai which the irradiation takes place, 
as represented by the following equations: * 2 ~ laifc k? = 
/<r,<fc; <r - 2303e/NA; k x /k 2 - (e^As^, where Jt x is the 
rate of monoadduct formation, k 2 is the rate of XL formation. 
trom MAf, / is the intensity of the light irradiating the sample 
<h and ^ axe the quantum yields for MAf and XL formation] 
r^ecnvely. ^ and e 2 are the extinction coefficients for 
HMT and MAf, respectively, NA is Avogadro's number, aod 
SS d respectively, the absorption cross-sections of 

HMT and MAf. cr is directly proportional to the extinction 
coefficient of the molecule at that wavelength. The quantum 
yield <£i for the formation of MAf of 8-methoxypsoraIen, by 
irradiation at 397.5 nm is 0.0065, and the qnamnm yield ifcfor 

(31) . The quantum yield for conversion of the HMT MAf to 
XL has been measured to be 0.024 by irradiation at 334 nm 

(32) . The quantum yields for the formation of XL from MAf 
arethe same for these two psoralens within experimental 
error. We assume that the quantum yields for formation of 
mon adducts from the two psoralens wfll also be similar. The 
Quantum yield for driving a MAf on to XL is 4 times larger 
than the quantum yield for the initial fonnarion of MAt This 
explain s why the MAf does not accumulate in the reaction 
nronxre when a HMT/DN A solution is irradiated ax 366 nm 
(argon laser) where both HMT and the MAf have relatively 
to^extincdon coefficients. The extinction coefficients for 
HMT and the HMT MAf at 406-7 nm and 413 nm were 

- estimated from their UV absorption spectra. The extinction 
coefficient for HMT at this wavelength is between 1 and 20 
CI raoJ ^nr 1 ), and for the MAf, the extinction coefficient is 
<l (1 moi ^m- 1 ). If a mixture of DNA and HMT is 
irradiated with light in a region of the absorption spectrum 
where the extinction coefficient for the MAf is substantially 
lower than the extinction coefficient for the free psoralen (as 
-°L? e kf yPton laser) MAf wfll accumulate in the reaction 
■mixture. The absorption band of HMT at 397.5 nm and 406 7 
*5?2£ ftc sanw* so that the quantum yield for conversion of 
|HMT to MAf is expected to be the same at these wave- 
.lengths. 

Although the procedure we employed to convert large 
quantities of DNA into XL involved the use of a high- 
intensity contmuous wave laser light source, we are con- 
vinced that no biphotonic absorbance and subsequent deg- 
.radative chemistry of the DNA took place. The rate of 
absorption of a photon is given by k « J<r. For a continuous 
wave laser emitting at 366 nm with a power of 5 W over an 
area of 0.16 cm 2 , / is 5.8 x 10 IS > photons per s per cm 2 . The 
exnnction coefficient for psoralen at this wavelength is 2000 
In this case k « 400 s -1 , or each molecule absorbs a photon 
on average once every 23 ms. The singjet excited-state 
lrfenme for psoralen has been measured to be =*2 ns (33, 34). 
It is unlikely that any significant number of excited psoralen 
molecules could absorb a second ph ton under conditions we 
used to synthesize XL. Biphotonic absorption must be con- 
sidered when pulsed lasers with high peak powers are em- 
ployed but not with typical continuous wave lasers. After 
laser irradiation, portions of the DNA samples were 5'-end- 
labeled with and were heat d at 95°C in 8 M urea before 
^ ecrjo phoresis on a denaturing polyacrylamide geL Any 
degradation of the DNA would be ap p aient by this analysis. 
Wehav n ver observed any DNA chain scission under these 
conditions. 
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Wc have obtained *H NMR data for the SMAf and 8XL 
confirmuu; the presence of a singje HMT adduct axa* 
5'-TpA-3' site. w 

We thank Dr. David Cook Ibr advice and laser training coarse*™* 
IW Koh for DNA synthesis. Thanks to Prof. R. MaffiesanSSr 
^ Ames for the use of the krypton laser. This work was su^rS 
try the Director, Office of Energy R«s«aich, Office of GenenJfA 
Sciences, Molecular Biology DMslon of the U_S. Deparawnirf 
Energy under Contract DE-AC03-76SF00098 and National Instiim^ 
of Health Grant GM 41511 to JiE S-SLS. was supported bvG^m 
NTEHS 07075-11 from the U-S- PabHc Health Service™^ * ,Ian * 

1. Ktepamc, J. Stern. R. S. & Ptaiish, J, A. (1982) in Psoriasis 
Proceedings of the- Third International Symposium, ed\ Farter 
E- M. (Gnme and Stranon, New York), pp. 149-156. 

2. Pai^J.A^SicnuF.S^Path^M. A& 

to Science of Photomedsane. eds. Regan. J. D. & Parrish. J K 
(Pfcnum. New York). ppL 595-623. 

^ SXX% J ~ Cpca « aa - *- P -* Morel, P. A., TWesehahn, C.P« 

oonnan, B. P., Corash. Smith, G- Popper. H. & EXchfaem. 

J. W. 0588) lumen*. 1446-1450. 
5. Omino, G. D., Gampcr. Isaacs, S. T. & Hearst. J. E. 09851 

Anmu Rev. Biochem. 54, 3151-1153- 
*" S?**? $T 5^5*- • fanne. Bspoport, H_ Hearst. J. E.& 

Kim, S_ H_ (1982) .J. MoL Biol. 162, 157-172. 
7. ShL Y.-B- S pirtTromn . H. P. & Hearst. J. E. 0588) BiocJumstry 

27,5174-5178. 

8 - ^"SzA T ^ J** 6 *"** w - ^ &.Jonc^ B. K_ (19RB) Biochemistry 
27, 6332-6338. 

9. Tomic. M.. Wemmer. D. & Kim, S- H. 0987) Science 238. 1722- 

1725. 

ID. Shi, Y_ Upson, S., Chi, D. Y,. Spielmaim. H; P., Mcmfortxi, 1 & 
Hearst, J, E. O590) in BioonfarucPhoiochemiszryz PhotocJiematrj 
and the Nucleic Adds* ecL Monisan, H. (Wiley, New York). VoL 
1. pp. 341-778. 

11. Takasugi. M_ GneodouK, ChanigooL Deoout, J. U. 

Uwmme, J.. Thoung. T. & Helcne, C, 0991, ProcNatLAauL 

Sri. USA 88, 5602-5606. 
1Z ShL Y--R- Gampcr, Hooten, B- V. & Hearst, J. E. 09&)J. 

Mol. BloL 199, 

Y ** B -» Gamper. H. & Hearst, J. £. (1988) /- BioL Chenu 26% 
525-534. 

14. Sestry, S. S. AHearsu J. E. 09M) J. MoL Biol. 221, 1091-111Q. 

15. Sastry, S. S. A Hearst, J. E. QS9D 7. MoL BioL 221, 1111-1125. 

16. V«i Houten. B_ Gampcr, H_ Hoftrrook. S.. Sancar. A. AHeartL 
J. E. (1986) Proc Natl, Acad. ScL USA 83, 8077~8081. 

17. Stotex. R. IL. Carison, J. O- A. Petlyohn, D. E_ (1982) Cfclf 2J t ■ 
773-783. 

18. Corargr, A- J., Ploa. S. E. & Wam% J. 0986) Cefl 45, 567-574. . 
19- O^.S..V M Hoxmm,B-,GMper.H..Sancar.A.AHcia5t.J.E. 

098g) J. JRiai. C&an. 263, 15110-05117. 
20. Chens, Sancv, A- AHeanrt. J. E. (1991) Nucleic Acids Jies. 19. 
657-663. 

ZL Umlanf. S. CU Cox, M. M. & Inman. R. B. (1990) 7_ BioL Chem- 
2ft5, 16898-16912. 

22. Omiao. G. D.. SM, Y. i Heam. J. E. (1986) Biochemistry A 
3015-3020. . 

23. Smtei. R. R. & Hagcrman, P. J. (1984) Biochemisxry 23, 6299- 
6303- 

24. Maniaiis, T_ Fritsch, E. F. & Sambrook. J. (1982) Molecular 
Cloning: A Laboratory Manual (Cold Spxixw Harbor JLaboxtfory. 
Cold Spring Harbor, NY). 

25. Hearst," J- E." G9S1) Arov. 7?cr. Biophys. Bioeng. 10, 69-86. 

26. Gamper. Kctie, J. A Hcarc, J. E. (1984) Photochem. Photo- 
^40, 29-34, 

27. Van Ho men. Gampcr, H. & Hearst, J. E. (1986) J. BioL Ctem. 
261, 14135-14141. 

28. Kodadcfc, T, & Gamper. H. 0987) Biochemistry 27, 3210-3215- 

29. Hearst. J. E a988) Annu. XevSPhys. Chem. 39, 291-^15. 

30. PSene. J.. Gampcr, H. B, & Hearst, J. E. (1988) Nucleic Acids Pet- 
it. 9961-9977. 

31. Tessman, J. W„ Isaacs, S- T. & Hearst, J- £. 0985) Biochemistry 
24, 1669-1676. 

32. ShL Y- A Hearst. J. E (1987) Biochcmislrv 26, 3792-^798. 

33. Song. P.-S. A Tapley. K_ Jr. (1979) Photochem. PhotobioL 29, 
1177-1197. 

34. Poppe, W. & Grosswetncr, L_ 1_ 0975) Photochem. PhotobioL 22, 
21«19. 



